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Abstract

Few studies have evaluated oral delivery systems of pharmaceuticals (e.g., vaccines, fertility control agents, and toxicants) to feral

swine (Sus scrofa) in the United States. Our objective was to assess, through a field trial, the percentage of feral swine and

nontarget animals that remove and consume baits intended to transport pharmaceuticals to feral swine in southern Texas, USA. We

hand-placed 1,178 iophenoxic acid (IA)–marked baits distributed over 1,721 ha (68 baits/km2) in April 2005 and monitored species-

specific bait removal and consumption using track stations, automated camera systems, and serum IA values from captured

animals. Ninety percent of baits were removed after 72 hours. For baits for which we determined the species that ‘‘definitely’’ or

‘‘likely’’ removed bait using track stations and cameras, 51% were taken by raccoons (Procyon lotor), 22% were taken by feral swine,

and 20% were taken by collared peccaries (Tayassu tajacu). We found elevated serum IA values in 74% of trapped feral swine, 89%

of raccoons, and 43% of opossums (Didelphis virginiana). Our oral delivery system was successful in marking a substantial

proportion of feral swine. However, our observed removal rates suggest that the majority of the baits were taken by nontarget

species and, therefore, unsuitable for most pharmaceutical applications in their current form. (WILDLIFE SOCIETY BULLETIN

34(4):1184–1189; 2006)
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Feral swine (Sus scrofa) are an exotic invasive species first
introduced into the United States as early as the 1400s when
Europeans were exploring the North American continent
(Mayer and Brisbin 1991). Subsequently, many accidental
(e.g., domestic stock) and intentional (e.g., Eurasian wild
boar) introductions have occurred. In a recent survey of feral
swine distributions, the Southeastern Cooperative Wildlife
Disease Study reported feral swine occurring in 28 states
stretching transcontinental from California to Virginia,
USA, with isolated populations in more northern states
(,http://www.uga.edu/scwds/dist_maps/swine04.html.).
Current population estimates for the United States are 4
million feral swine (Nettles 1997, Pimentel et al. 2000) with
�2 million occurring in Texas alone (Mapston 2004). Feral
swine continue to expand their range, in part, because of
their adaptability and high reproductive potential, which is
�4 times that of native ungulates (Taylor et al. 1998).
Today, feral swine are the most abundant introduced
ungulate in the United States (Mayer and Brisbin 1991,
Sweeney et al. 2003).

Ecologists, natural resource managers, and agricultural
producers have recognized that feral swine can alter
ecosystem processes. The deleterious impacts of feral swine
on ecosystems are well documented (Singer et al. 1984,
Lacki and Lancia 1986, Engeman et al. 2004, Seward et al.
2004); however, empirical data on potential solutions to
these problems are limited. The fact that many feral swine
populations across the United States are considered locally

or regionally overabundant and continue to expand indicates

that traditional control strategies often have been unsuc-

cessful (Stevens 1996, Mapston 2004). This, coupled with

the disease threats that feral swine pose to United States

agriculture (van der Leek 1989, Witmer et al. 2003, Corn et

al. 2004), has led researchers to identify the need for 1)

developing vaccine and delivery systems for feral swine

(Fletcher 1989, Wardley 1989, Kavanaugh and Linhart

2000), 2) developing fertility control and delivery systems

for feral swine (Nettles 1997, Killian et al. 2003, Miller et al.

2003), and 3) developing species-specific biological controls

and lethal baiting strategies (Peine and Farmer 1990,

Witmer et al. 2003).

Few studies have evaluated using baits to deliver

pharmaceuticals (e.g., vaccines, fertility control agents, and

toxicants) to feral swine in the United States. Fletcher et al.

(1990) concluded that oral vaccine delivery to feral swine

was feasible, and Kavanaugh and Linhart (2000) determined

baits could be used to deliver oral pharmaceuticals to feral

swine. Both of these studies were conducted on Ossabaw

Island, Georgia, USA, more than a decade ago. It is

uncertain if their findings are applicable to mainland

populations within different regions. For example, many

potential nontarget species, such as opossums (Didelphis

virginiana), coyotes (Canis latrans), gray foxes (Urocyon

cinereoargenteus), red foxes (Vulpes vulpes), striped skunks

(Mephitis mephitis), bobcats (Lynx rufus), and armadillos

(Dasypus novemcinctus) were absent from Ossabaw Island

(Fletcher et al. 1990, Kavanaugh and Linhart 2000).1 E-mail: tyler.a.campbell@aphis.usda.gov
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Additional progress in this important topic has not been
made in the United States.

Our objective was to assess, through a field trial, the
percentage of feral swine and nontarget animals that remove
and consume baits intended to transport pharmaceuticals to
feral swine in southern Texas. Given the swine-specific
characteristics of the experimental baits in Australia (.90%
removal by feral swine; S. J. Lapidge, Invasive Animals
Cooperative Research Centre, unpublished data), we
hypothesized that the baits also would be specific to feral
swine in southern Texas.

Study Area

We conducted our field trial on private property in Duval
County, Texas (278220N, 988180W), which was purchased
in 1996 and managed for recreational uses. The 1,721-ha
area occurred in the Rio Grande Plains ecoregion (Gould
1975), where precipitation averaged 67.9 cm/year (National
Climatic Data Center, ,http://www.ncdc.noaa.gov.) and
elevations ranged from 50–100 m. Mean monthly high
temperatures from March to April were 27.88C (National
Climatic Data Center, ,http://www.ncdc.noaa.gov.).
Soils on the area were well-drained fine sandy loams,
belonging to the Runge–Delfina–Delmita soil associations
(Fair 1995). Overstory vegetation was dominated by honey
mesquite (Prosopis glandulosa), huisache (Acacia farnesiana),
and granjeno (Acacia berlandieri). Understory vegetation was
dominated by prickly pear cactus (Opuntia spp.) and
bufflegrass (Cenchrus ciliaris). Numerous mammals were
present on the area, including opossums, coyotes, gray foxes,
raccoons (Procyon lotor), armadillos, badgers (Taxidea taxus),
striped skunks, bobcats, eastern cottontail rabbits (Sylvilagus

floridanus), black-tailed jackrabbits (Lepus californicus),
southern plains woodrats (Neotoma micropus), hispid cotton
rats (Sigmodon hispidus), collared peccaries (Tayassu tajacu),
white-tailed deer (Odocoileus virginianus), and feral swine.
With the exception of 10 horses enclosed in a 10-ha pasture,
no domestic livestock were present.

Methods

Our trial occurred from March to April 2005 and used
PIGOUTt Feral Pig Bait (Prototype 2, Animal Control
Technologies Australia P/L, Somerton, Victoria, Australia).
Baits were grain based with fish flavor added, cylindrical in
shape, approximately 9 3 5 cm, and weighed 250 g. Baits
had an 8-mm hole drilled into the center, within which the
serum marker iophenoxic acid (IA; Larson et al. 1981,
Follmann et al. 1987, Knowlton and Olmstead 2001) was
injected at 22.7 mg/bait, a quantity known to mark feral
swine serum (Fletcher et al. 1990).

We determined serum IA directly using high-performance
liquid chromatography (HPLC; Jones 1994) and liquid
chromatography–mass spectrometry (LC/MS; Wiles and
Campbell 2006), rather than through indirect serum iodine
methods (Henrey 1964). Consequently, it was necessary to
determine baseline serum IA values of feral swine, raccoons,
and opossums. We collected baseline serum samples from 25

March to 8 April on the study area and from 23 to 30 April
at sites �8 km and �15 km from the study area. We
captured and bled 8 feral swine, 6 raccoons, and 5 opossums
for baseline serum IA determination.

On 15 April we hand-placed 1,100 IA-marked baits from
0700 to 1500 on transects (n ¼ 30) oriented on a 2738

azimuth. We spaced transects at 260-m intervals and we
dropped baits every 65 m along transect routes. Baits placed
on 3 randomly selected transects were geo-referenced with a
handheld Global Positioning System (GPS) unit (GeoXT,
Trimble Navigation, Sunnyvale, California) and we raked a
2-m2 area surrounding the bait to bare soil (Linhart and
Knowlton 1975). From 0700 to 1200 on 18 April (72 hr
with minimal disturbance on the study site), we revisited
these baits and recorded presence or absence of bait,
condition of bait, and tracks present in raked areas following
Fletcher et al. (1990).

We monitored 78 additional baits (2 from 15–21 Apr, 38
from 15–18 Apr, and 38 from 18–21 Apr) with automated
camera systems (Deer Cam-200; Non-typical, Park Falls,
Wisconsin). With the addition of these baits, our overall
bait density was 68 baits/km2. Our camera systems used a
35-mm auto-focus camera (Trip 505; Olympus America,
Denver, Colorado) with automated flash and film advance.
We programmed camera systems to maintain a 30-second
delay between pictures and operated systems at ‘‘high’’
sensitivity. We distributed camera-monitored baits through-
out the study area within 100 m of roads, and we positioned
camera systems on native vegetation (e.g., tree limbs) or
artificial structures (e.g., fence posts) at 3–5 m from baits.
When possible, we oriented camera systems in a northern
direction to minimize false triggers by solar radiation and
backlighting of subjects (Kucera and Bennett 1993,
Langdon 2001). Similar to above, we raked a 2-m2 area
surrounding the bait to bare soil. We determined species-
specific bait contact and removal by track impressions in the
soil and examination of photos. We tallied photographic
data daily into 5 categories: definitely removed by species,
likely removed by species, possibly removed by species,
removed by unknown species, and not removed. The
‘‘definite’’ category included photographs in which we
observed the bait in the mouth of an animal or a series of
photographs �5 minutes apart in which only the species of
record was observed and the bait was removed. The ‘‘likely’’
category included a series of photographs �30 minutes apart
in which we observed only the species of record and the bait
was removed. The ‘‘possible’’ category included a series of
photographs .30 minutes apart in which we observed only
the species of record and the bait was removed. We
inspected camera-monitored baits daily on and following 18
April.

We prebaited 15 corral-style and 9 box-style feral swine
traps with soured whole-kernel corn from 25 March to 20
April. Our approximate density of swine traps was 1.4 traps/
km2. We concurrently prebaited 20 mesomammal live traps
(Model 108; Tomahawk Live Trap, Tomahawk, Wisconsin)
adjacent to the aforementioned swine traps. We set and
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checked feral swine and mesomammal traps from 20 April

to 29 April. We checked traps daily just after sunrise to

reduce heat exposure. We euthanized captured animals by

gunshot (AVMA 2001), sexed, aged (Petrides 1949,

Sanderson 1950, Matschke 1967), bled, and weighed them.

We immediately released nontarget animals (e.g., white-

tailed deer, collared peccaries, and southern plains woodrats)

upon discovery. All capture and handling procedures were

approved by the Institutional Animal Care and Use

Committee (Permit No. QA-1283) at the National Wildlife

Research Center.

We collected blood from feral swine and mesomammals

obtained at capture (both baseline and trial collections) and

removed serum following centrifugation. We placed serum

in labeled cryogenic vials (VWR International, West

Chester, Pennsylvania) and stored vials at �208C. We

submitted frozen serum to the Texas Veterinary Diagnostic

Laboratory (College Station, Texas) to determine serum IA

values using direct IA methodologies (HPLC and LC/MS,

see above).

We reported descriptive statistics pertaining to species-

specific bait removal and consumption ([no. of marked

animals/no. sampled animals] 3 100%) rates. Our capture

success of opossums limited our statistical analyses; however,

we captured sufficient numbers of feral swine and raccoons

to conduct between-age comparisons in consumption rates

using the chi-square statistic with Yates correction (Alder

and Roessler 1977). We determined statistical significance

at a ¼ 0.05.

Results

We recorded presence or absence of 131 of the 1,100 baits

dropped along transects. Of these, 118 (90%) were removed

after 72 hours. Of the 13 that were present, 8 had mild to

moderate ant damage, 3 were partially consumed, presum-

ably by small mammals, but otherwise in good condition,

and 2 remained moist and in excellent condition. Soil

conditions prohibited definitive conclusions regarding
animal tracks deposited in raked areas.

We generated 472 photographs of the 78 camera-
monitored baits over �6 nights. We recorded 98 photos
of raccoons, 87 photos of collared peccaries, 69 photos of
southern plains woodrats, 48 photos of white-tailed deer, 33
photos of feral swine, 15 photos of eastern cottontail rabbits,
6 photos of opossums, 4 photos of white-tipped doves
(Leptotila verreauxi), 3 photos of coyotes, 3 photos of feral
cats (Felis silvestris catus), 2 photos of striped skunks, 1
photo of an armadillo, 1 photo of a bobcat, and 1 photo of
an unknown small mammal. Of the 41 baits removed and
tallied in the ‘‘definite’’ or ‘‘likely’’ categories, we found 51%
were removed by raccoons, 22% were removed by feral
swine, 20% were removed by collared peccaries, 2% were
removed by coyotes, 2% were removed by opossums, and 2%
were removed by striped skunks (Table 1). Similar to the
baits distributed along transects, we found 90% of camera-
monitored baits were removed in �72 hours.

Direct IA determination of baseline serum samples
collected from all 19 individuals were ,25 parts per billion
(ppb) IA (the lowest unit of measure). Consequently, we
considered animals with serum IA values .25 ppb to be
marked through bait consumption. We captured 31 feral
swine, 19 raccoons, and 7 opossums during our 9-day
trapping effort. We found 23 of 31 (74%) feral swine to have
IA-marked serum (Table 2). Serum IA values of marked
feral swine ranged from 53 to 2,207 ppb (x ¼ 848, SD ¼
666). We found no difference (v2

1¼0.62, P¼0.45) by age in
proportion of feral swine that were marked. We discovered
17 of 19 (89%) raccoons to have IA-marked serum (Table
2). Serum IA values of marked raccoons ranged from 40 to
9,322 ppb (x ¼ 3,930, SD ¼ 2,906). We did not find age
differences (v2

1 ¼ 1.19, P ¼ 0.32) in the proportion of
raccoons that were marked. We found 3 of 7 (43%)
opossums to have IA-marked serum (Table 2). Serum IA
values of marked opossums ranged from 43 to 711 ppb (x¼
307, SD ¼ 355).

Discussion

Fletcher et al. (1990) demonstrated 95% bait consumption
by feral swine when fish meal–based baits were distributed at
488 baits/km2 within an insular population in Georgia. In
North Queensland, Australia, Mitchell (1998) found 63%
bait consumption by feral swine when bovine-based baits

Table 1. Number of PIGOUTt baits removed by species as determined
by photographs generated from automated camera systems (n ¼ 78),
15–21 Apr 2005, Duval County, Texas, USA.

Species Definitea Likelyb Possiblec Total

Raccoon 4 17 2 23
Feral swine 3 6 3 12
Collared peccary 3 5 8
White-tailed deer 6 6
Coyote 1 1 2
Opossum 1 1
Striped skunk 1 1
Unknown 19
Not removed 6 6

a Bait observed in mouth of animal or series of photographs �5
min apart in which only species of record was observed and bait was
removed.

b Series of photographs �30 min apart in which only species of
record was observed and bait was removed.

c Series of photographs .30 min apart in which only species of
record was observed and bait was removed.

Table 2. Serum iophenoxic acid (IA) results from animals captured (21–
29 Apr 2005) following IA-marked PIGOUTt bait distribution on 15 Apr
2005 in Duval County, Texas, USA.

Species Age category
No. of marked/
no. in sample % marked

Feral swine Adult 9/11 82
Juvenile 14/20 70
Both ages 23/31 74

Raccoon Adult 14/15 93
Juvenile 3/4 75
Both ages 17/19 89

Opossum Both ages 3/7 43
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were aerially deployed at 18 baits/km2. Furthermore,
Fleming et al. (2000) discovered 31–72% bait consumption
by feral swine when kangaroo-based baits were aerially
applied at 45–49 baits/km2 in New South Wales, Australia,
with variability attributed to varying feral swine densities.
Our observed consumption of 74% by feral swine was
intermediate between work from Australia (lower bait
density and lower bait consumption) and insular Georgia
(very high bait density and higher bait consumption).
However, our feral swine bait consumption was not overtly
different from the maximum reported in New South Wales
(applied at 45–49 baits/km2), and we agree with Fleming et
al. (2000) that under ideal circumstances feral swine density
should be considered when comparing bait consumption.
Unfortunately, reliable and cost-effective methods to survey
feral swine densities do not exist for populations occurring
in southern Texas (e.g., see Shupe and Beasom 1987) and
further work developing these techniques is needed
(Sweitzer et al. 2000, Sweeney et al. 2003). Nonetheless,
our oral delivery system was successful in marking a
substantial proportion of feral swine and, therefore, showed
promise.

Ongoing work in Australia has found baits to be highly
specific to feral swine with .90% removal by the target
species (S. J. Lapidge, Invasive Animals Cooperative
Research Centre, unpublished data). This is important
because these baits will be deployed broad-scale and will
initially contain the compound sodium fluoroacetate (1080)
to poison feral swine (O’Brien and Lukins 1988, O’Brien et
al. 1988, Lapidge et al. 2004, Twigg et al. 2005). In the
United States, no toxicants are currently registered for use
on feral swine (Littauer 1993, Miller et al. 2003, Witmer et
al. 2003), despite their demonstrated effectiveness in other
localities (Hone and Pedersen 1980, Coblentz and Baber
1987, McIlroy et al. 1989, Choquenot et al. 1990).
However, our observed removal rates suggest that the
majority of the baits were removed by nontarget species and
therefore unsuitable to deliver toxicants, anyway. A more
realistic use for oral delivery systems in the United States
may be to deliver fertility control agents or vaccines
(Fletcher et al. 1990).

In the United States, pseudorabies virus (PRV) was
successfully eradicated from domestic swine in late 2004, in
part through the use of gene-deleted PRV vaccines
(Mengeling et al. 1997, Zuckermann 2000). This accom-
plishment has important economic implications for pork
producers interested in international trade. However, PRV
continues to circulate in feral populations. For example, in a
review of PRV serological surveys of feral swine, Müller et al.
(2000) reports prevalence rates of 43–46% in Hawaii, USA,
36% in Texas, 35% in Florida, USA, 19–22% across several
southeastern states, 7–10% in Georgia, and 3% in California.
This has led to the suggestion that feral swine are a reservoir
of PRV, representing a significant risk of infecting domestic
swine and native wildlife (Müller et al. 2002, Corn et al.
2004). One potential solution is to orally administer gene-
deleted PRV vaccines to feral swine, similar to the national

oral rabies vaccination program. However, wild PRV strains
(Platt et al. 1983) and gene-deleted vaccines (Weigel et al.
2003) can initiate immune responses in raccoons. This may
become problematic if immunized raccoons or other wildlife
(Weigel et al. 2000) carry and shed PRV, thereby increasing
the risk of transmission to other wild populations or domestic
herds (Weigel et al. 2003). Consequently, as with toxicant
delivery systems, it would be prudent to develop a delivery
system for PRV vaccines that is specific to feral swine. The
baits used in our trial did not achieve this requisite, as 78% of
the camera-monitored baits in the ‘‘definite’’ or ‘‘likely’’
categories were removed by nontarget animals and 89% of
raccoons and 43% of opossums consumed baits.

Research on fertility-control agents in feral swine is
ongoing. For example, Killian et al. (2003) found a single-
shot gonadotropin-releasing hormone (GnRH) vaccine was
successful at preventing pregnancy in 90% of feral sows over
a 36-week period. However, GnRH is a common hormone
found in wild and domestic animals and is indirectly
responsible for regulating reproductive steroid and gamete
production by the testes and ovaries. Consequently, any
animal that ingested baits containing the GnRH vaccine
and subsequently produced and maintained GnRH anti-
bodies at sufficient titers would likely have impaired
reproductive capacity. This has been demonstrated in
white-tailed deer (Miller et al. 2000), feral cats (Levy et
al. 2004), cattle (Cook et al. 2000), sheep (Kiyma et al.
2000), and horses (Malmgren et al. 2001). Again, our
delivery system was not specific to feral pigs and, therefore,
was not a suitable candidate to deliver a GnRH vaccine in its
current form.

Our baiting system was successful at minimizing bait
damage caused by fire ants (Solenopsis wagneri). Previous
work in southern Texas on dog-food–based baits intended
for coyotes distributed in July found 43–50% of baits
remaining after 24 hours and 68–89% of baits remaining
after 48 hours to have fire ant damage, whereas fire ants
were absent from baits distributed in January (Farry et al.
1998). We observed 62% of the baits that remained after 72
hours to have mild to moderate fire ant damage. However,
we did not observe fire ants constructing mounds over baits,
thereby rendering them inaccessible (e.g., see Fletcher et al.
1990, Farry et al. 1998). We attribute our comparatively
minor ant damage to the cooler temperatures during April,
the general lack of precipitation in the months preceding our
trial, and coarser soil textures on our study site.

Our observed bait consumption by feral swine is
encouraging. However, the non–species-specific character-
istics of the bait suggest that our baiting system, in its
current form, is not suitable for management applications in
southern Texas. It is uncertain whether nontarget bait
consumption would be as high in a habitat with a more open
woody vegetation canopy and lower mesomammal density,
as compared to the principally closed-canopy habitat present
at the study site. We concur with Fletcher et al. (1990) that
more research is needed into understanding the dynamics of
nontarget animal use of baits. For example, Kavanaugh and
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Linhart (2000) used generic grain-based baits with an
overcoat of different odor attractants in an effort to target
specific species. Even though Kavanaugh and Linhart
(2000) were unable to identify species-specific attractants,
we believe that this approach has merit and warrants further
investigation.
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